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1
PRE-PATTERNED HARD MASK FOR
ULTRAFAST LITHOGRAPHIC IMAGING

REFERENCE TO PRIORITY APPLICATION

This application is a Continuation of U.S. patent applica-
tion Ser. No. 13/834,059 filed Mar. 15, 2013, which is incor-
porated herein by reference in its entirety,

FIELD

The present disclosure relates to a method of using pre-
patterned hard masks for lithographic imaging.

BACKGROUND

A common method of forming structures on wafers or
other substrates in the semiconductor industry is lithography
and, in particular photolithography. In photolithography, fea-
tures are formed by the addition or removal of material on a
substrate surface. Perceived limitations in photolithography,
including the optical diffraction limit, spurred the develop-
ment next-generation lithography techniques, such as
extreme ultraviolet lithography (EUV), soft x-ray lithography
and electron beam lithography (EBL). However, limitations
in next generation lithography techniques, (including low
wafer throughput and resolution limits due to stochastic
effects, acid diffusion and other factors), have negatively
impacted the commercial implementation of next generation
techniques for wide scale wafer production. In addition, pho-
tolithography capabilities have been extended to provide
lower critical dimensions through process modifications,
including immersion and multiple patterning techniques, and
advances in material chemistry.

BRIEF DESCRIPTION

The above-mentioned and other features of this disclosure,
and the manner of attaining them, may become more apparent
and better understood by reference to the following descrip-
tion of embodiments described herein taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 illustrates a flow chart of a general method of form-
ing elements on a substrate;

FIGS. 2a through 2¢ illustrate a schematic of a method of
forming elements in or on a substrate according to one
embodiment wherein FIGS. 24 and 25 illustrate a cross-
sectional view and a top view, respectively, of a substrate
including a sacrificial hardmask and a resist disposed over the
hardmask prior to forming guiding features therein;

FIGS. 2¢ and 2d illustrate a cross-sectional view and a top
view, respectively, of a patterned and developed resist over
the sacrificial hardmask;

FIGS. 2¢ and 2fillustrate a cross-sectional view and a top
view, respectively, of a guiding feature provided within a
sacrificial hardmask;

FIGS. 2g and 2# illustrate a cross-sectional view and a top
view, respectively, of a self-assembling block copolymer pro-
vided within the guiding feature of the sacrificial hardmask;

FIGS. 2i and 2j illustrate a cross-sectional view and a top
view, respectively, of the removal of a domain of the self-
assembled block copolymer within the guiding feature;

FIGS. 2k and 2/ illustrate a cross-sectional view and a top
view, respectively, of a isolating feature formed in a lower
layer of a hardmask;
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FIGS. 2m and 2z illustrate a cross-sectional view and a top
view, respectively, of aisolating feature formed in a hardmask
after the removal of the materials forming the guiding fea-
tures;

FIGS. 20 and 2p illustrate a cross-sectional view and a top
view, respectively, of a third resist provided in the isolating
features of the hardmask;

FIGS. 2¢ and 2r illustrate a cross-sectional view and a top
view, respectively, of a third resist forming elements in the
substrate;

FIGS. 25 and 2¢ illustrate a cross-sectional view and a top
view, respectively of a third resist forming elements on a
substrate.

FIG. 3 illustrates an example of substrate including a num-
ber of holes formed therein using the process described in
FIGS. 2a through 2p;

FIGS. 4a through 4/ illustrate another method of forming
elements in or on a substrate according to an embodiment
wherein FIGS. 4q and 44 illustrate a cross-sectional view and
a top view, respectively, of a substrate including a sacrificial
hardmask and a resist disposed over the hardmask having
guiding features formed in the hardmask;

FIGS. 4¢ and 4d illustrate a cross-sectional view and a top
view, respectively, of isolating features formed in a hardmask;

FIGS. 4e and 4fillustrate a cross-sectional view and a top
view, respectively, of a the guiding feature materials
removed;

FIGS. 4g and 4/ illustrate a cross-sectional view and a top
view, respectively, of a second resist disposed in the isolating
features;

FIGS. 4i and 4/ illustrate a cross-sectional view and a top
view, respectively, of the removal of a portion of the resist;
and

FIGS. 4k and 4/ illustrate a cross-sectional view and a top
view, respectively, of elements formed within the substrate.

DETAILED DESCRIPTION

As noted above, limitations in next generation lithography
techniques, including e-beam lithography, extreme ultravio-
let lithography and soft x-ray lithography, include relatively
low throughput rate and exposure noise. Generally there is
understood to be a trade-off between imaging fidelity and
photospeed. Next generation schemes, such as extreme ultra-
violet, provide photospeeds of about 10 ml/cm® with a
throughput of about only 4 wafers per hour. However, next
generation techniques are capable of providing irregular, or
non-regular features, i.e., features that do not repeat at fixed
intervals. Photolithography practices provide wafer through-
put above 100 wafers per hour and upwards of 150 wafers per
hour. Furthermore, photolithography is capable of generating
repeating patterns (especially line-spaced grating structures)
at pitches of 34 nm and below using, for example, 193 nm
scanners and spacer-based pitch division.

The present disclosure is directed to methods and pro-
cesses of fabricating substrates including forming elements,
such as vias or contacts, in or forming elements on a substrate,
which includes, for example, a semi-conductor wafer. As
illustrated in FIG. 1, the methods 100 include forming guid-
ing features in a photoresist or a sacrificial mask 102. The
guiding features may be formed using photolithography.
Using the guiding features, isolated features are then formed
in a hardmask 104. The isolated features are then filled with a
resist creating discrete regions (photon or electron “buckets”™)
of'the resist in the hardmask 106. Then the discrete regions of
resist are patterned and developed in an isolated manner 108,
wherein the hardmask may prevent or reduce noise between
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the isolated regions of resist. The resist includes positive
resists, negative resists or both. Regular or irregular pattern-
ing of the resist may be performed using photolithography
using wavelengths of 157 nm or greater, extreme ultraviolet
lithography (EUV), electron beam lithography (EBL), soft
x-ray lithography, or other techniques, to form elements (such
as vias) in a substrate or elements (such as interconnects) on
the substrate. Elements such as vias, interconnects, or con-
tacts, may then be formed on or in the substrate underlying the
hardmask 110. In embodiments, the hardmask remains, pro-
viding an inter-layer dielectric or may be removed.

In embodiments, the isolating features exhibit critical
dimensions in the range of 4 nm to 100 nm, including all
values and ranges therein such as 4 nm to 50 nm, 4 nm to 20
nm, 4 nm to 10 nm, etc., and are regular repeating patterns,
such as line-space gratings, crossed-line gratings, or other
patterns. In embodiments, the elements created by the meth-
ods herein also have critical dimensions in the range of 4 nm
to 100 nm, including all values and ranges therein such as 4
nm to 50 nm, 4 nm to 20 nm, 4 nm to 10 nm, etc., and are
regular features, non-regular features, or both, including
irregularly placed holes and posts. While not being bound to
any particular theory, the isolating features may constrain
shot noise, secondary electrons, photoelectrons, etc., creating
photon or electron “buckets”, reducing the spread of such
noise in the isolated regions of resist deposited therein. Fur-
thermore, in embodiments, the resist, used in the isolating
feature, is selected such that it is pattered using electromag-
netic wavelengths of less than 50 nm, such as in the range of
1 pm to 50 nm. In addition, the resist, used in the isolating
features, is activated with relatively low exposure doses of
electromagnetic radiation (less than 10.0 mJ/cm?, such as
from 0.1 mJ/cm?® up to 10.0 mJ/cm?, such as 3.0 mJ/cm?) or
electrons of equivalent dosage (100 uC/cm? or less, such as
from 1.0 uC/cm? to 100 pC/cm?). Thus, the resist includes, in
embodiments, a photoresist, a soft x-ray resist or an electron
beam resist. The process results in relatively high throughput
rates, while fabricating relatively small scale features on the
order of 4 nm to 100 nm, including all values and ranges
therein such as 4 nm to 50 nm, 4 nm to 20 nm, 4 nm to 10 nm,
etc.

FIGS. 2a through 2¢ schematically illustrate an embodi-
ment of a method of forming elements into (or onto a sub-
strate). The method begins with forming a guiding trench in
one or more layers of a hardmask 204a, 2045 formed over a
substrate 202. Hardmask compositions may include, for
example, nitrides (such as TiN, SiN), oxides (such as Si0O,),
or polymer spin coats (such as spin on carbon) as well as
photodefinable polymers (such as photodefinable polyim-
ides, photodefinable benzocyclobutene, photodefinable fluo-
rocarbons polymers and photodefinable epoxies) or combi-
nations thereof. Depending on the hardmask composition, the
hardmask may be applied by spin coating or other processes
such as physical vapor deposition or chemical vapor deposi-
tion, plasma enhanced variants thereof (PEPVD or PECVD)
as well as combinations thereof (i.e., one or more of the
following: spin-coating, CVD, PVD, PEPVD and PECVD).

In embodiments, the hardmask includes two layers, a
lower, underlying layer 2044 and an upper, sacrificial layer,
204b. The bottom layer of the hardmask 204q (that closest to
the substrate 202) may include nitrides such as TiN, SiN,
oxides such as SiO, or other compositions that exhibit greater
etch resistance than the etch resistance of the sacrificial hard-
mask layer 2045 to a selected etchant.

Anti-reflective coatings may optionally be provided as
well. Antireflection coatings aid in the reduction of image
distortion due to reflections off of the surface of the substrate.
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The anti-reflective coating may be added over the sacrificial
hardmask 2045 (opposing the substrate), such as silicon-rich
or silicon containing anti-reflective coatings (including, for
example, silicon oxynitride or silicon rich nitride), which
may reduce reflective notching in the side walls and reduce
the quality of the patterned features.

A first resist 206 (or one or more first resists) is disposed
over the sacrificial hardmask 2045. The first resist is a positive
resist or a negative resist and may include for example, poly
(methyl methacrylate), poly(methyl glutarimide), DNQ/no-
volac, or SU-8 (an epoxy based negative resist). The first
resist 206 is applied using one or more coating or casting
processes, such as, but not limited to, spin coating. When
using spin coating, spin coating may be performed at 1 to
10,000 rpm, including all values and ranges therein such as
3,000 to 4,000 rpm, for 1 second to 10 seconds, including all
values and ranges therein.

Multiple baking steps are used to solidify the first resist 206
beginning with pre-baking after application of the resist and
prior to patterning. Pre-bake may occur at temperatures of
140° C. or less, such as in the range of 70° C. to 100° C., for
60 seconds to 240 seconds. The resist is then patterned using
electromagnetic radiation having one or more wavelengths of
157 nm or greater, such as 157 nm, 193 nm, 248 nm, or
wavelengths up to 436 nm. The electromagnetic radiation
dosage is 10 mJ/cm® or greater, including all values and
ranges from 10 mJ/cm? to 200 mJ/cm?, 10 mJ/cm? to 150
mlJ/em?, 30 mJ/cm? to 100 mJ/cm?, etc. Spacer-based pitch
division techniques may be utilized alone, or with immersion
lithography techniques, to achieve guiding features (trenches
in this embodiment) having critical dimensions of 4 nm to 100
nm, 22 nm to 50 nm, etc. Spacer-based pitch division tech-
niques may be understood as a multiple patterning technique
where a pattern (such as lines) is formed. A spacer is formed
by the deposition or formation of a film on the previous
formed pattern. The film material on the horizontal surfaces is
then etched off and the original pattern feature is removed
leaving only the spacer. This may be repeated, wherein the
spacer then forms the pattern, doubling the density each rep-
etition. Immersion lithography enhances the resolution of
photolithography by utilizing a liquid interface between the
lens of the light emitter of the photolithography device and
the wafer/substrate surface itself. However, other patterns and
pattern forming methods may be used as well. For example,
dual-tone resists and interference lithography may be used.

After exposure and patterning, the resist is baked before
developing (post exposure bake). The post exposure bake
may also occur at temperatures of 140° C. or less, such as in
the range of 70° C. to 100° C., for 10 seconds to 180 seconds.
A developer, such as tetramethylammonium hydroxide
TMAH (with or without surfactant) at a concentration in the
range of 1.5% to 2.0% in water (IPA), is then used to remove
portions of the resist 206 as illustrated in FIGS. 2cand 2d. The
remaining photoresist is then, optionally, hard baked at tem-
perature of 100° C. or greater, such as in the range of 100° C.
to 300° C. for 100 s to 500 s.

Once a portion of the resist 206 is removed from selected
regions 208, a series of guiding features, i.e., the trenches, 210
are created in the sacrificial hardmask 2045 by etch transfer as
illustrated in FIGS. 2¢ and 2f. As illustrated, the trenches 210
are rectangular shaped; however, other shapes are envisioned
as well, such as squares, circles, ovals, etc. Etching may be
accomplished using, for example, dry or plasma etching with
one or more of the following etchants: O,, CF,, SFq, NF;,
other etchants may be used depending on the hardmask com-
positions. As noted above, the etchant selected is one that
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provides a greater etching rate in the sacrificial hardmask
2045 than in the lower hardmask 204a.

A second resist 222a, 22254 is then provided within the
trench 210 as illustrated in FIGS. 2g and 2/ to form isolating
features in the hardmask 204a. The second resist may include,
for example, a self-assembling block copolymer, which seg-
regates into two or more domains 222a, 2225 within the
trench 210 as described further below. While a di-block
copolymer is illustrated, tri-block or other multiple block
copolymers may be employed. In the case of a di-block
copolymer, two different monomers are used to formulate the
polymer having the following formula: -(A)m-b-(B)n-, where
m and N represent the number or repeat units of A and B,
respectively. Examples of di-block copolymers include, for
example, poly(methyl methacrylate)/polystyrene or poly
(dimethylsiloxane)/polystyrene. In embodiments, at least
two of the components of the block copolymer may be immis-
cible and are understood to be unable to form a homogenous
mixture.

Monomers for use in the block copolymers may include
C,_;, olefinic monomers, ethylene, propylene, 1-butene, 1,3-
butadiene, isoprene, vinyl acetate, dihydropyran, norborene,
maleic anhydride, styrene, 4-methylstyrene, or a.-methylsty-
rene. Monomers may also include (meth)acrylate, methyl
(meth)acrylate, ethyl (meth)acrylate, n-propyl (meth)acry-
late, isopropyl (meth)acrylate, n-butyl (meth)acrylate, isobu-
tyl (meth) acrylate, n-pentyl (meth)acrylate, isopentyl (meth)
acrylate, neopentyl (meth)acrylate, n-hexyl (meth)acrylate,
cyclohexyl (meth)acrylate, isobornyl (meth)acrylate, or
hydroxyethyl (meth)acrylate. Combinations of two or more
of the monomers may be used. Blocks which are homopoly-
mers may include blocks prepared using styrene (e.g., poly-
styrene blocks), or (meth)acrylate homopolymeric blocks
such as poly(methylmethacrylate). Random blocks may
include, for example, blocks of styrene and methyl methacry-
late (e.g., poly(styrene-co-methyl methacrylate)), randomly
copolymerized. An alternating copolymer block might
include blocks of styrene and maleic anhydride, which is
known to form a styrene-maleic anhydride-diad repeating
structure due to the inability of maleic anhydride to homopo-
lymerize under most conditions (e.g., poly(styrene-alt-maleic
anhydride)).

Furthermore, block copolymers that may be used herein
include di-block or tri-block copolymers such as poly(sty-
rene-b-vinyl pyridine), poly(styrene-b-butadiene), poly(sty-
rene-b-isoprene), poly(styrene-b-methyl methacrylate), poly
(styrene-b-alkenyl aromatics), poly(isoprene-b-ethylene
oxide), poly(styrene-b-(ethylene-propylene)), poly(ethylene
oxide-b-caprolactone), poly(butadiene-b-ethylene oxide),
poly(styrene-b-t-butyl (meth)acrylate), poly(methyl meth-
acrylate-b-t-butyl methacrylate), poly(ethylene oxide-b-pro-
pylene oxide), poly(styrene-b-tetrahydrofuran), poly(sty-
rene-b-isoprene-b-ethylene oxide), poly(styrene-b-
dimethylsiloxane), poly(methyl methacrylate-b-
dimethylsiloxane), or a combination comprising at least one
of the foregoing block copolymers.

In embodiments, the block copolymers exhibit a weight-
averaged molecular weight (M,,) of 3,000 to 400,000 g/mol.
Similarly, the block copolymer might have a number aver-
aged molecular weight (M,,) of 1,000 to 200,000. The block
copolymer might also have a polydispersity (M, /M,) of 1.01
to 6, and is not particularly limited thereto. Molecular weight,
both M, and M,, can be determined by, for example, gel
permeation chromatography using a universal calibration
method, calibrated to polystyrene standards. The assembly of
the block copolymers may be directed through graphoepitaxy
or chemical surface modification.
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The second resist may be applied using spin coating pro-
cesses, or by dip coating or spray coating and annealed at an
annealing temperature in the range of 200° C. to 260° C.,
including all values and ranges therein such as 240° C., forc-
ing segregation of the domains into a desired pattern. If using
spin coating, spin coating may occur at 1 rpm to 100,000 rpm
including all values and range therein, for a period of 1 second
to 100 seconds, including all values and ranges therein. As
illustrated, cylindrical domains 2224 are formed by one ofthe
domains within the trenches 210. However, in other embodi-
ments, lines or other domain patterns may be formed. The
cylindrical domains 2225 are then removed as illustrated in
FIGS. 2/ and 2j by an appropriate etch scheme, such as by first
exposing the second resist to deep ultra violet radiation (hav-
ing a wavelength in the range 0f 248 nm to 193 nm, including
all values and ranges therein) and then etching with acetic
acid.

After removal of the cylindrical domain 2225, etch transfer
into the underlying hardmask 204q is performed by plasma
etching using, for example, CF,, F,, or NF;, as illustrated in
FIGS. 2k and 2/. Optionally, the guiding trench materials,
including the sacrificial hardmask 2046 and remaining block
copolymer is removed such as by ashing off (or oxidizing), as
illustrated in FIGS. 2m and 2n. Then, a third resist 232 is
provided in the isolating features 230 formed in the hardmask
204aq as illustrated in FIGS. 20 and 2p creating discrete or
disconnected regions of the third resist in the hardmask. The
third resist is either a positive or negative tone resist. The third
resist is patterned using a technique that utilizes electromag-
netic radiation having a wavelength of less than 300 nm,
including all values and ranges from 1.0 pmto 250 nm, 1.0 pm
to 100 nm, 1.0 pm to 50.0 nm, 1.0 pm to 20.0 nm, 13.5 nm, or
less than 50 nm, etc. such as electron beam, extreme ultravio-
let lithography or soft x-ray lithography. As should be appre-
ciated the third resist may be patterned regularly or irregu-
larly. The third resist is then developed and a portion of the
third resist is removed.

The application, pre-bake, post bake, development and
hard bake of the third resist occurs in a manner similar to that
described above. In embodiments, in order to provide the
third resist in the isolating features, the third resist is spin
coated onto the hardmask and into the isolating features,
wherein a layer of resist is extends across the surface of the
hardmask as well as the isolating features. If the guiding
features are remaining, the third resist fills the guiding fea-
tures as well. In embodiments, an acid generator (such as a
photoacid generator, discussed below) is deposited on the
third resist or additional third resist is mixed with an excess of
acid generator and deposited on top of the resist already
present. The acid generator is then diffused through a portion
of'the third resist, particularly that portion that is present in the
guiding features or across the surface of the hardmask. Dif-
fusion is facilitated by heating. This upper portion of the third
resist is developed using a developer such as TMAH and
removed, wherein resist remains in the isolating features, but
is removed from areas above the opening of the isolating
features. Or, alternatively, or in addition to the above, just the
upper portion of the third resist, above the isolating features
(such as that covering the surface of the hardmask and/or
within the guiding features) is exposed to light having visible
UV wavelengths, grazing-incidence exposure or both to
release the acid generator present in the resist near the surface.
The upper portion of the third resist is developed and
removed, such that third resist remains in the isolating fea-
tures and is removed above the openings of the isolating
features and from the hardmask surface (or from the guiding
features if still remaining).
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The third resist is sensitive to electron beam, extreme ultra-
violet or soft x-ray lithography. In addition to chemically
amplified resists, the third resist is alternatively a non-chemi-
cally amplified resist. Examples of a third resist include poly
(methyl methacrylate). The third resist may require an elec-
tromagnetic radiation dose, such as an extreme ultraviolet
dose, equivalent to less than 10.0 mJ/cm?, including all values
and ranges from 0.1 mJ/cm? up to 10.0 mJ/em?, such as 3
ml/cm?.

Furthermore, it may be appreciated that resists typically
include a solvent, a resin, a photo acid generator and a
quencher, which control the dose necessary to alter the solu-
bility characteristics of the resist in a given developer. Sol-
vents may include one or more of the following: propylene
glycol monomethyl ether (PGME), propylene glycol
monomethyl ether acetate (PGMEA), ethyl lactate, methyl
s-hydroxybutyrate (HBM), cyclohexanone, heptanone, lac-
tone etc. The polymer may include an acrylate, a cyclo-olefin
methacrylate or a cyclo-olefin acrylate. The photo acid gen-
erator may include monophenyl sulfonium salt or triphenyl-
sulfonium salt. The quenchers may include hydrogen chlo-
ride or water as well as compositions that include alcohols,
ethyls, esters, ketones, amines such as trioctylamine, alde-
hydes, phenols, cyanides, flourides bromides, oxos or nitros.
The polymer may be present in the range of 1% to 10% by
weight of the total composition, the photo acid generator may
be present in the range 0f 0.1% to 1.0% by weight of the total
composition, the quencher may be present in the range of
0.5% to 1.0% by weight of the total composition, the remain-
der being solvent.

However, to better accommodate the reduced dosages
described above, the third resist may be prepared by removing
at least a portion, and in some embodiments all, of the
quencher from the photoresist. For example, a fraction, such
as half or less than half of the quencher may be present in the
third resist, including all values and ranges from 0.01% to
0.5% by weight of the total composition. In employing the
reduced quencher resists, the post-exposure bake is extended
to up to 20 minutes, including all values and ranges from 2
minutes to 20 minutes, such as 10 minutes. Using the reduced
quencher and increased bake time may allow the generated
acids to thoroughly diffuse around in the resist in the entire
isolated feature, deprotecting the resist polymer everywhere.
Even in the case of relatively poor initial acid release in some
regions, such as near the bottom of'the isolated feature, due to
reflected standing waves, this may enable the photoresist to
completely develop in the isolated feature.

Alternatively, or in addition to the above, inorganic photo-
resists may be used. For example, a transition metal, such as
chromium, and chalcogenide inorganic materials, such as
As—S—Se glasses, and particularly As,,S;,Se;, are
employed as a mask and deposited via thermal vacuum depo-
sition. After patterning the chalcogenide is exposed to a non-
water alkaline organic solution and the transition metal was
removed using a water solution of HCI through the chalco-
genide mask. The silicon is then etched using ethylenedi-
amine solutions.

As illustrated in FIGS. 2¢g and 27, etch transfer into the
substrate 202 is then provided forming holes 236 in the sub-
strate where the third resist has been removed. These holes
236 form elements, such as vias or tunnels. Again, etching
may be accomplished using, for example, plasma etching
with the following etchants: CF,, SF, NF;, depending on the
substrate. Substrate materials may include semiconducting
material, insulating material, conductive material or combi-
nations thereof. Substrate materials may therefore include,
for example, silicon, silicon-germanium, silicon-germanium-
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carbon, silicon-carbon, gallium-arsenic, indium-arsenic or
indium-phosphorous, polycrystalline silicon, silicon/silicon-
germanium layers, silicon/silicon-carbon layers, etc.

In addition to the above, or alternatively, as illustrated in
FIGS. 2s and 2¢, other photosensitive compositions may be
used as a third resist, such as spin-on photosensitive metal
oxides (including metal oxide sulfate with a peroxo complex-
ing agent such hafnium oxide sulfate (HfSO,)) available from
Inpria of Corvallis, Oreg., the above mentioned chalcogenide
resists, or Si-rich photopatternable materials such as Si con-
taining polymers including polysiloxane, polysilsequioxane,
or hydrogen silsequioxane (HSQ) available form Dow Corn-
ing Corp. These compositions are also referred to herein as
third resists. Similar to the third resists discussed above, these
compositions may be spin-coated, pre-baked, patterned, post
baked, developed and hard baked. The remaining resist 232',
i.e., the resist that is not removed during the developing pro-
cess, forms elements on the substrate, such as interconnects
or contacts. Therefore, in embodiments, a combination of
elements formed into and on the substrate may be formed
using the techniques described above. In addition, the hard-
mask may remain to form an inter-layer dielectric.

FIG. 3 illustrates an example of a substrate 202 produced
using the process steps illustrated in FIGS. 2a through 27. The
etched holes 236 have a depth of approximately 20 nm. In
addition, the etched holes 236 have an overall diameter in the
range of 10-20 nm.

FIGS. 4a through 4/ schematically illustrate another
embodiment of a method of forming elements into (or onto a
substrate). A crossed grating 402a, 4025 (i.e., a guiding fea-
ture) is formed as illustrated in FIGS. 4a and 46 over a
hardmask 404 and underlying substrate 406. The crossed-
grating may be formed with one or more first resists, includ-
ing, for example, poly(methyl methacrylate), poly(methyl
glutarimide), DNQ/novolac, or SU-8 (an epoxy based nega-
tive resist). The resist is applied using one or more coating or
casting processes, such as, but not limited to, spin coating.
When using spin coating, spin coating may be performed at 1
to 10,000 rpm, including all values and ranges therein such as
3,000 to 4,000 rpm, for 1 second to 10 seconds, including all
values and ranges therein.

In addition, multiple baking steps are used beginning with
pre-baking after application of the resist and prior to pattern-
ing. Pre-bake may occur at temperatures of 140° C. or less,
such as in the range 0f 70° C. to 100° C., for 60 seconds to 240
seconds. The resist is then patterned using electromagnetic
radiation having one or more wavelengths of 157 nm or
greater, such as 157 nm, 193 nm, 248 nm, or wavelengths up
to 436 nm. Spacer-based pitch division techniques (described
above) may be utilized with immersion lithography tech-
niques (described above) to achieve features having critical
dimensions of 4 nm to 100 nm, 22 nm to 50 nm, etc.

In addition to or alternatively to the above, other patterns
and pattern forming methods may be used as well. For
example, single direction gratings or dots may be formed
having the above pitches using techniques such as employing
dual-tone resists and interference lithography. In embodi-
ments, to create elongated features, for example, parallel (or
nonparallel) lines are patterned into the resist and developed
to form trenches having a length to width ratio of atleast 10:1,
such as in the range of 10:1 to 1000:1, wherein the length to
width is measured at the surface of the trench. The first resist
is then deposited again and patterned so as to break up the
length of the trenches into a number of elongated and rectan-
gular guiding features.

After exposure and patterning, the resist is baked before
developing (post exposure bake). The post exposure bake



US 9,285,682 B2

9

may also occur at temperatures of 140° C. or less, such as in
the range of 70° C. to 100° C., for 10 seconds to 180 seconds.
A developer, such as tetramethylammonium hydroxide
TMAH (with or without surfactant), at a concentration of
1.5% to 2.5% by volume in water, is then used to remove
portions of the resist creating guiding features 407 in the
resist. The photoresist is then, optionally, hard baked at tem-
perature of 100° C. or greater, such as in the range of 100° C.
to 300° C. for 100 s to 500 s.

Once the cross-gratings are formed, a series of isolating
features, illustrated as holes, 408 are created in the hardmask
404 by etch transfer as illustrated in FIGS. 4¢ and 4d. As
illustrated, the holes are square shaped; however, other shapes
are envisioned as well, such as rectangles, circles, ovals, etc.
Etching may be accomplished using, for example, plasma
etching with the following etchants: CF,, SF, NF;, depend-
ing on the hardmask compositions. Hardmask compositions
may include, for example, nitrides (such as TiN, SiN) or
polymer spin coats (such as spin on carbon) as well as pho-
todefinable polymers (such as photodefinable polyimides,
photodefinable benzocyclobutene, photodefinable fluorocar-
bons polymers and photodefinable epoxies).

Asillustrated in FIGS. 4e and 4f; the guiding materials, i.e.,
the cross-gratings are removed exposing the surface of the
hardmask 404. In embodiments, the cross-gratings are ashed
off via oxidation. However, in some embodiments, the cross-
gratings (or other first resist) 402 may be kept to form inter-
layer dielectrics. The isolating features 408 are then filed with
asecond resist 410, as illustrated in FIGS. 4g and 44, to create
discrete regions of the second photoresist 410 within the
hardmask 404.

The process of applying the second resist is similar to that
of the first resist, including spin coating, pre-baking, expos-
ing, post-exposure bake, developing and, optionally, hard
baking. In embodiments, in order to provide the second resist
in the isolating features, the second resist is spin coated onto
the hardmask and into the isolating features, wherein a layer
of resist is extends across the surface of the hardmask as well
as the isolating features. If the guiding features are remaining,
the second resist fills the guiding features as well. An acid
generator (such as a photoacid generator, discussed below) is
deposited on the second resist. In embodiments, additional
second resist is mixed with an excess of acid generator and
deposited on top of the resist already present. The acid gen-
erator is then diffused through a portion of the second resist,
particularly that portion that is present in the guiding features
or across the surface of the hardmask. Diffusion is facilitated
by heating. This upper portion of the second resist is devel-
oped using a developer such as TMAH and removed, wherein
resist remains in the isolating features, but is removed from
areas above the opening of the isolating features. Or, alterna-
tively, or in addition to the above, just the upper portion of the
second resist, above the isolating features (such as that cov-
ering the surface of the hardmask and/or within the guiding
features) is exposed to light having visible UV wavelengths,
grazing-incidence exposure or both to release the acid gen-
erator present in the resist near the surface. This portion of the
second resist is developed and removed, such that second
resist remains in the isolating features and is removed above
the openings of the isolating features and from the hardmask
surface (or from the guiding features if still remaining).

In addition to chemically amplified resists, non-chemically
amplified resists are alternatively used. In embodiments, the
resists being sensitive to patterning processes utilizing a
wavelength of less than 300 nm, including all values and
ranges from 1.0 pm to 250 nm, 1.0 pm to 250 nm, 1.0 pm to
50.0 nm, 1.0 pm to 20.0 nm, 13.5 nm, etc., such as poly

5

10

15

20

25

30

35

40

45

50

55

60

65

10

(methyl methacrylate) or copolymers thereof, including those
compositions utilized as the third resist described above. Pat-
terning processes therefore include extreme ultraviolet, elec-
tron beam or soft x-ray radiation. In addition, the wavelength
for patterning the isolating features is smaller than that used
for patterning the guiding features. The second resist may be
apositive tone or a negative tone resist. Examples of a second
resist include poly(methyl methacrylate). The second resist
requires a dose, such as an extreme ultraviolet dose or elec-
tron beam dose, equivalent to less than 10.0 mJ/em?, includ-
ing all values and ranges from 0.1 mJ/cm® up to 10.0 mJ/cm?,
such as 3.0 mJ/cm?. The dose for patterning the isolating
features is less than the dose for patterning the guiding fea-
tures.

Furthermore, it may be appreciated that resists typically
include a solvent, a resin, a photo acid generator and a
quencher, which control the dose necessary to alter the solu-
bility characteristics of the resist in a given developer. Sol-
vents may include one or more of the following: propylene
glycol monomethyl ether (PGME), propylene glycol
monomethyl ether acetate (PGMEA), ethyl lactate, methyl
s-hydroxybutyrate (HBM), cyclohexanone, heptanone, lac-
tone etc. The polymer may include an acrylate, a cyclo-olefin
methacrylate or a cyclo-olefin acrylate. The photo acid gen-
erator may include monophenyl sulfonium salt or triphenyl-
sulfonium salt. The quenchers may include hydrogen chlo-
ride or water as well as compositions that include alcohols,
ethyls, esters, ketones, amines such as trioctylamine, alde-
hydes, phenols, cyanides, flourides bromides, oxos or nitros.
The polymer may be present in the range of 1% to 10% by
weight of the total composition, the photo acid generator may
be present in the range 0f 0.1% to 1.0% by weight of the total
composition, the quencher may be present in the range of
0.5% to 1.0% by weight of the total composition, the remain-
der being solvent.

However, to better accommodate the reduced dosages
described above, the third resist may be prepared by removing
at least a portion of the quencher from the photoresist. For
example, a fraction, such as half or less than half of the
quencher may be present in the third resist, including all
values and ranges from 0.01% to 0.50% by weight of the total
composition. In employing the reduced quencher resists, the
post-exposure bake is extended to up to 20 minutes, including
all values and ranges from 2 minutes to 20 minutes, such as 10
minutes. Using the reduced quencher and increased bake time
may allow the generated acids to thoroughly diffuse around in
the resist in the entire isolated feature, deprotecting the resist
polymer everywhere. Even in the case of relatively poor ini-
tial acid release in some regions, such as near the bottom of
the isolated feature, due to reflected standing waves, this may
enable the photoresist to completely develop in the isolated
feature.

Alternatively, or in addition to the above, inorganic photo-
resists may be used. For example, a transition metal, such as
chromium, and chalcogenide inorganic materials, such as
As—S—S8e glasses, and particularly As,,S;,Se;, are
employed as a mask and deposited via thermal vacuum depo-
sition. After patterning the chalcogenide is exposed to a non-
water alkaline organic solution and the transition metal was
removed using a water solution of HCI through the chalco-
genide mask. The silicon is then etched using ethylenedi-
amine solutions.

As illustrated in FIGS. 4/ and 4y, the second resist 410 is
selectively patterned. As alluded to above, the second resist
410 is patterned to form regular elements, irregular elements
(or a combination thereof) using extreme ultraviolet lithog-
raphy, electron beam lithography or soft x-ray lithography.
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After removing selected regions of the resist 411, the pattern
is etch transferred, in a manner as described in any of the
above embodiments, into the underlying substrate 406 as
illustrated in FIGS. 4g and 4/, forming holes 412 in the
substrate 406, where the resist has been removed. These holes
form elements, such as vias. Again, etching may be accom-
plished using, for example, plasma etching with the following
etchants: CF,, SF, NF;, depending on the substrate. Sub-
strate materials may include semiconducting material, insu-
lating material, conductive material or combinations thereof.
Substrate materials may therefore include, for example, sili-
con, silicon-germanium, silicon-germanium-carbon, silicon-
carbon, gallium-arsenic, indium-arsenic or indium-phospho-
rous, polycrystalline silicon, silicon/silicon-germanium
layers, silicon/silicon-carbon layers, etc.

In addition to the above, or alternatively, other photosen-
sitive compositions may be used such as spin-on photosensi-
tive metal oxides (including metal oxide sulfate with a peroxo
complexing agent such halfnium oxide sulfate (HfSO,))
available from Inpria of Corvallis, Oreg., chalcogenide inor-
ganic photoresists (such as As—A—Se glasses), Si-rich pho-
topatternable materials such as Si containing polymers
including polysiloxane, polysilsequioxane, or hydrogen
silsequioxane (HSQ) available form Dow Corning Corp.
These compositions are also referred to herein as second
resists. Similar to the resist discussed above, these composi-
tions may be spin-coated, pre-baked, patterned, post baked,
developed and hard baked. The remaining resist, i.e., the
resist that is not removed during the developing process,
forms elements on the substrate, such as interconnects or
contacts. Therefore, in embodiments, a combination of ele-
ments formed into and on the substrate may be formed using
the techniques described above.

Accordingly, in any aspect, the present application is
directed to a method of fabricating a substrate. The method
includes coating a first resist onto a hardmask, exposing
regions of the first resist to electromagnetic radiation at a dose
o0f 10.0 mJ/em? or greater, and removing a portion of the resist
and forming guiding features. The method also includes etch-
ing the hardmask forming isolating features in the hardmask,
applying a second resist within the isolating features forming
regions of the second resist in the hardmask, and exposing
regions of the second resist to electromagnetic radiation hav-
ing a dose of less than 10.0 mJ/cm? and forming elements.

In embodiments of the above, the hardmask includes a
sacrificial hardmask and an underlying hardmask, wherein
the guiding features are formed in the sacrificial hardmask
and the isolating features are formed in the underlying hard-
mask. In particular embodiments of the above, the underlying
hardmask exhibits a greater first etch resistance than a second
etch resistance exhibited by said sacrificial hardmask to an
etchant.

Further, in any of the above embodiments, the isolating
features are formed in said underlying hardmask by deposit-
ing a self-assembling block copolymer into said guiding fea-
tures, annealing said self-assembling block copolymer to
form at least two domains, removing one of said domains, and
etching into said underlying hardmask. In addition, in the
above embodiment, the method further includes removing the
first resist, the sacrificial hardmask and the self-assembling
block copolymer, after forming the isolating features in the
underlying hardmask. In any of the above embodiments, self-
assembling block copolymer includes at least two immiscible
components. In particular embodiments, the self-assembling
block copolymer comprises a di-block copolymer and, in
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more particular embodiments the self-assembling block
copolymer comprises poly(methyl methacrylate) and poly-
styrene.

Alternatively, in addition to the above embodiments, guid-
ing features are formed in the first resist.

In any of the above embodiments, the guiding features are
formed using spacer-based pitch division. In addition, in any
of the above embodiments, the guiding features are cross-
gratings. Further, in any of the above embodiments, the first
resist is removed after forming said isolating features in said
hardmask. In addition, in any of the above embodiments, the
second resist includes a quencher present in the range of
0.01% by weight to 0.5% by weight of the total resist com-
position.

In any of the above embodiments, the elements are formed
in a substrate underlying the hardmask by removing at leasta
portion of the second resist from the isolated features and
etching the substrate. Alternatively, or in addition, the second
resist includes one or more of the following: photosensitive
metal oxide, a silicon containing polymer, and chalco-
genides; and wherein said elements are formed on a substrate
underlying said hardmask.

In any of the above embodiments, the elements exhibit a
critical dimension in the range of 4 nmto 100 nm. In any of the
above embodiments, the elements exhibit a critical dimension
in the range of 4 nm to 100 nm and preferably in the range of
4 nm to 100 nm and more preferably in the range of 4 nm to
50 nm and more preferably in the range of 4 nm to 30 nm.

In addition, in any of the above embodiments, the hard-
mask comprises an antireflective layer. Further, in any of the
above embodiments, the antireflective layer includes silicon.
Also, in any of the above embodiments where a sacrificial and
underlying hardmask are present, the sacrificial hardmask
comprises spin on carbon and the underlying hardmask com-
prises one or more of the following: oxides and carbides.
Further, in any of the above embodiments where a sacrificial
and underlying hardmask are present, the underlying hard-
mask exhibits a first etch resistance and said sacrificial hard-
mask exhibits a second etch resistance and said first etch
resistance is greater than said second etch resistance.

In any of the above embodiments, the first resist is pat-
terned using immersion photolithography.

In any of the above embodiments, the isolating features
have an elongated geometry and are formed by forming guid-
ing features with a length to width ratio of at least 10:1;
depositing a the first resist in the guiding features; pattering
the first resist to divide the guiding features along the length
of the guiding features; developing and removing said first
resist.

Further in any of the above embodiments, applying said
second resist comprises depositing the second resist over the
hardmask and the isolating features; deposit acid generator on
the second resist; diffuse acid into an upper portion of the
second resist over the hardmask; develop the upper portion of
the second resist; remove the upper portion of the second
resist in the guiding features, wherein the second resist
remains in said isolating features.

Alternatively, or in addition, in any of the above embodi-
ments, applying the second resist comprises depositing the
second resist over said hardmask and in the isolating features;
exposing an upper portion of the second resist; developing
and removing the upper portion of the second resist, wherein
the second resist remains in the isolating features.

In any of the above embodiments, the second resist is
patterned by one of the following techniques: electron beam
lithography, extreme ultraviolet lithography, soft x-ray
lithography and 193 nm wavelength photolithography. In
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addition, in any of the above embodiments, the first resist is
exposed to electromagnetic radiation having one or more
wavelengths of 157 nm or greater and the second resist is
exposed to electromagnetic radiation having a wavelength of
less than 300 nm, wherein the second wavelength is less than
the first wavelength. In particular embodiments of the above,
the first resist is exposed to electromagnetic radiation having
one or more wavelengths of 157 nm to 436 nm and said
second resist is exposed to electromagnetic radiation having a
wavelength of 1.0 pm to 250 nm, wherein said second wave-
length is less than said first wavelength. In particular embodi-
ments of the above, the first resist is exposed to electromag-
netic radiation having a wavelength of 193 nm and said
second resist is exposed to electromagnetic radiation having a
wavelength of 13.5 nm. Accordingly, in any of the above
embodiments, the first resist is exposed to electromagnetic
radiation having a wavelength of greater than 157 nm and
preferably in the range of 157 nm to 436 nm and more pref-
erably in the range of 157 nm to 250 nm and more preferably
193 nm and the second resist is exposed to electromagnetic
radiation having a wavelength in the range of 1.0 pm to 250
nm and more preferably in the range of 1.0 pm to 50 nm and
more preferably in the range of 1.0 pm to 20 nm and more
preferably 13.5 nm.

In yet a further aspect of the present disclosure a method is
provided for fabricating a substrate. The method may include
coating a first resist onto a hardmask, exposing regions of said
first resist to electromagnetic radiation having one or more
wavelengths of 157 nm or greater, and removing a portion of
said resist and forming guiding features. The method also
includes etching the hardmask forming isolating features in
the hardmask, applying a second resist within the isolating
features forming regions of the second resist in said hard-
mask, and exposing regions of the second resist to electro-
magnetic radiation having a wavelength of less than 50 nm
and forming elements.

In embodiments of the above, the hardmask includes a
sacrificial hardmask and an underlying hardmask, wherein
the guiding features are formed in the sacrificial hardmask
and the isolating features are formed in the underlying hard-
mask. In particular embodiments of the above, the underlying
hardmask exhibits a greater first etch resistance than a second
etch resistance exhibited by said sacrificial hardmask to an
etchant.

Further, in any of the above embodiments, the isolating
features are formed in said underlying hardmask by deposit-
ing a self-assembling block copolymer into said guiding fea-
tures, annealing said self-assembling block copolymer to
form at least two domains, removing one of said domains, and
etching into said underlying hardmask. In addition, in the
above embodiment, the method further includes removing the
first resist, the sacrificial hardmask and the self-assembling
block copolymer, after forming the isolating features in the
underlying hardmask. In any of the above embodiments, self-
assembling block copolymer includes at least two immiscible
components. In particular embodiments, the self-assembling
block copolymer comprises a di-block copolymer and, in
more particular embodiments the self-assembling block
copolymer comprises poly(methyl methacrylate) and poly-
styrene.

Alternatively, in addition to the above embodiments, guid-
ing features are formed in the first resist.

In any of the above embodiments, the guiding features are
formed using spacer-based pitch division. In addition, in any
of the above embodiments, the guiding features are cross-
gratings. Further, in any of the above embodiments, the first
resist is removed after forming said isolating features in said
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hardmask. In addition, in any of the above embodiments, the
second resist includes a quencher present in the range of
0.01% by weight to 0.5% by weight of the total resist com-
position.

In any of the above embodiments, the elements are formed
in a substrate underlying the hardmask by removing at leasta
portion of the second resist from the isolated features and
etching the substrate. Alternatively, or in addition, the second
resist includes one or more of the following: photosensitive
metal oxide, a silicon containing polymer, and chalco-
genides; and wherein said elements are formed on a substrate
underlying said hardmask.

In any of the above embodiments, the elements exhibit a
critical dimension in the range of 4 nmto 100 nm. In any of the
above embodiments, the elements exhibit a critical dimension
in the range of 4 nm to 100 nm and preferably in the range of
4 nm to 100 nm and more preferably in the range of 4 nm to
50 nm and more preferably in the range of 4 nm to 30 nm.

In addition, in any of the above embodiments, the hard-
mask comprises an antireflective layer. Further, in any of the
above embodiments, the antireflective layer includes silicon.
Also, in any of the above embodiments where a sacrificial and
underlying hardmask are present, the sacrificial hardmask
comprises spin on carbon and the underlying hardmask com-
prises one or more of the following: oxides and carbides.
Further, in any of the above embodiments where a sacrificial
and underlying hardmask are present, the underlying hard-
mask exhibits a first etch resistance and said sacrificial hard-
mask exhibits a second etch resistance and said first etch
resistance is greater than said second etch resistance.

In any of the above embodiments, the first resist is pat-
terned using immersion photolithography.

In any of the above embodiments, the isolating features
have an elongated geometry and are formed by forming guid-
ing features with a length to width ratio of at least 10:1;
depositing a the first resist in the guiding features; pattering
the first resist to divide the guiding features along the length
of the guiding features; developing and removing said first
resist.

Further in any of the above embodiments, applying said
second resist comprises depositing the second resist over the
hardmask and the isolating features; deposit acid generator on
the second resist; diffuse acid into an upper portion of the
second resist over the hardmask; develop the upper portion of
the second resist; remove the upper portion of the second
resist in the guiding features, wherein the second resist
remains in said isolating features.

Alternatively, or in addition, in any of the above embodi-
ments, applying the second resist comprises depositing the
second resist over said hardmask and in the isolating features;
exposing an upper portion of the second resist; developing
and removing the upper portion of the second resist, wherein
the second resist remains in the isolating features.

In any of the above embodiments, the second resist is
patterned by one of the following techniques: electron beam
lithography, extreme ultraviolet lithography, soft x-ray
lithography and 193 nm wavelength photolithography. In
addition, in any of the above embodiments, the first resist is
exposed to electromagnetic radiation having one or more
wavelengths of 157 nm to 436 nm and said second resist is
exposed to electromagnetic radiation having a wavelength of
1.0 pm to 250 nm, wherein said second wavelength is less
than said first wavelength. In particular embodiments of the
above, the first resist is exposed to electromagnetic radiation
having a wavelength of 193 nm and said second resist is
exposed to electromagnetic radiation having a wavelength of
13.5 nm. Accordingly, in any of the above embodiments, the
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first resist is exposed to electromagnetic radiation having a
wavelength of in the range of 157 nm to 436 nm and more
preferably in the range of 157 nm to 250 nm and more pref-
erably 193 nm and the second resist is exposed to electromag-
netic radiation having a wavelength in the range of 1.0 pm to
250 nm and more preferably in the range of 1.0 pm to 50 nm
and more preferably in the range of 1.0 pm to 20 nm and more
preferably 13.5 nm.

The foregoing description of several methods and embodi-
ments has been presented for purposes of illustration. It is not
intended to be exhaustive or to limit the claims to the precise
steps and/or forms disclosed, and obviously many modifica-
tions and variations are possible in light of the above teaching.
Itis intended that the scope of the invention be defined by the
claims appended hereto.

What is claimed is:

1. An intermediate for use in a method of fabricating a
substrate, comprising:

a substrate;

a hardmask layer on said substrate; and

a cross grating formed on said hardmask layer, said cross

grating comprising a first patterned layer and a second
patterned layer;

wherein:

said first patterned layer is present on said hardmask
layer;

said second patterned layer is on said first patterned
layer; and

said first and second patterned layers intersect to form
regions in which least a portion of said hardmask layer
is exposed.

2. The intermediate of claim 1, wherein said first and sec-
ond patterned layers are formed from the same or different
materials.

3. The intermediate of claim 1, further comprising isolating
features formed within at least a portion of said regions.

4. The intermediate of claim 3, wherein said isolating fea-
tures comprise holes formed in said hardmask layer.
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5. The intermediate of claim 3, wherein said isolating fea-
tures are filled with a resist material so as to form discrete
regions of the resist material within the hardmask layer.

6. The intermediate of claim 5, wherein said resist material
extends across a surface of said hardmask layer and said
isolating features.

7. The intermediate of claim 5, further comprising an acid
generator diffused into said resist material.

8. The intermediate of claim 7, wherein said resist material
is a chemically amplified resist.

9. The intermediate of claim 5, wherein said resist material
is a non-chemically amplified resist.

10. The intermediate of claim 5, wherein at least a portion
of said cross grating has been removed.

11. The intermediate of claim 5, wherein selected regions
of said resist material have been removed.

12. The intermediate of claim 11, wherein a pattern is
formed by the selected regions in which the resist material has
been removed.

13. The intermediate of claim 12, wherein the pattern has
been transferred to the substrate.

14. The intermediate of claim 13, further comprising holes
within regions of the substrate corresponding to said selected
regions in which the second resist has been removed.

15. The intermediate of claim 14, wherein said holes form
elements within said substrate.

16. The intermediate of claim 15, wherein said elements
comprise one or more vias.

17. The intermediate of claim 14, wherein said elements
have a quadrilateral profile in a top down view thereof.

18. The intermediate of claim 17, wherein said elements
have a round profile in a top down view thereof.

19. The intermediate of claim 1, wherein said first pat-
terned layer, said second patterned layer, or a combination
thereof was manufactured using using spacer based pitch
division.

20. The intermediate of claim 19, wherein both said first
patterned layer and said second patterned layer were manu-
factured using spacer based pitch division.
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